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Abstract
Main conclusion This study revealed novel insights into the function of MSP18 effector during root-knot nematode 
parasitism in rice roots. MSP18 may modulate host immunity and enhance plant susceptibility to Meloidogyne spp.
Abstract Rice (Oryza sativa) production is seriously impacted by root-knot nematodes (RKN), including Meloidogyne 
graminicola, Meloidogyne incognita, and Meloidogyne javanica, in upland and irrigated culture systems. Successful plant 
infection by RKN is likely achieved by releasing into the host cells some effector proteins to suppress the activation of 
immune responses. Here, we conducted a series of functional analyses to assess the role of the Meloidogyne-secreted protein 
(MSP) 18 from M. incognita (Mi-MSP18) during rice infection by RKN. Developmental expression profiles of M. javanica 
and M. graminicola showed that the MSP18 gene is up-regulated throughout nematode parasitic stages in rice. Reproduc-
tion of M. javanica and M. graminicola is enhanced in rice plants overexpressing Mi-MSP18, indicating that the Mi-MSP18 
protein facilitates RKN parasitism. Transient expression assays in onion cells suggested that Mi-MSP18 is localized to the 
cytoplasm of the host cells. In tobacco, Mi-MSP18 suppressed the cell death induced by the INF1 elicitin, suggesting that 
Mi-MSP18 can interfere with the plant defense pathways. The data obtained in this study highlight Mi-MSP18 as a novel 
RKN effector able to enhance plant susceptibility and modulate host immunity.
Keywords Immunity · INF1 elicitin · Oryza sativa · Programmed cell death · Secreted protein
Abbreviations
DAI  Days after inoculation
HR  Hypersensitive response
J2/J3/J4  Second/third/fourth stages of Meloidogyne 
juvenile
MSP  Meloidogyne-secreted protein
Mg  Meloidogyne graminicola
Mi  Meloidogyne incognita
Mj  Meloidogyne javanica
PCD  Programmed cell death
RKN  Root-knot nematodes
SP  Signal peptide
Introduction
Meloidogyne spp. are plant-parasitic nematodes that attack 
a wide range of plants and threaten many important crops 
in all agronomic regions of the world. They are obligate 
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biotrophs that settle inside roots, next to vascular tissues, 
where they cause symptoms of galls or root knots. Nematode 
larvae develop into mature adults and females reproduce by 
laying eggs that will give rise to new parasitic worm prog-
enies. Meloidogyne larvae feed on plant cells, and they are 
able to modify the host cells into highly active, large multi-
nucleated nurse cells called giant cells (GCs) (Karssen et al. 
2013). In mammals, how some worms can subvert host cel-
lular processes is well documented, and a key feature of 
helminth infection is the ability of the parasites to redirect 
the host immune system (Hewitson et al. 2009). Similar to 
parasites in mammalian hosts, nematode longevity in plant 
roots may be underpinned by their capacity to modulate host 
immunity (Goverse and Smant 2014). Nematodes infect 
roots by secreting a myriad of components of diverse nature 
into plant tissues, including cell-wall degrading enzymes and 
virulent proteins that alter host cell structure and function, 
called effectors (Ali et al. 2017). The combination of prot-
eomics and genomics allowed establishing a comprehensive 
catalog of potential Meloidogyne nematode effectors. How-
ever, a number of them lack discernible sequence similar-
ity to known proteins. Examples include the Meloidogyne-
secreted proteins (MSPs), which are specifically produced 
within the nematode esophageal gland cells throughout the 
parasitic cycle (Huang et al. 2003). One route to determine 
the contribution of these proteins in infection consists of 
studying changes in host susceptibility resulting from pan-
heterologous expression of the nematode gene in the plant. 
In recent years, a growing number of Meloidogyne incognita 
(Mi) effectors have been reported, including effectors that 
modulate plant immunity. For instance, the calreticulin (Mi-
CRT) effector suppresses plant basal defenses [pathogen-
associated molecular pattern (PAMP) triggered immunity—
PTI], including expression of defense marker genes and 
callose deposition in Arabidopsis thaliana (Jaouannet et al. 
2012). Another M. incognita immuno-modulatory effector 
(MiMsp40) is also able to suppress PTI in A. thaliana (Niu 
et al. 2016). In tobacco (Nicotiana benthamiana), MiMsp40 
prevented plant cell death associated with the hypersensi-
tive response (HR) during effector-triggered immunity (ETI) 
when co-expressed with the mildew resistance protein R3a 
and its cognate elicitor Avr3a from Phytophthora infestans 
(Niu et al. 2016).
RKN infections damage rice (Oryza sativa) in Asia and 
West Africa for decades and may seriously threaten upland 
rice yields. Rice as a cereal grain is the most important food 
resource for the developing countries and the staple food of 
over half the world’s population. Recent surveys primarily 
allowed the collection of M. graminicola in Asian countries 
(Kyndt et al. 2014), M. javanica from rice fields in Benin 
(Baimey H, pers.com.), and several species, including M. 
graminicola in Brazil (Mattos et al. 2019). M. graminicola is 
adapted to rice grown in irrigated systems and its life cycle 
can be completed within 2–3 weeks depending on the environ-
mental conditions (Kyndt et al. 2014). Typical for this species 
is the formation of galls at root tips and female oviposition 
within the rice root cortex. In contrast, M. incognita and M. 
javanica have a longer rice infection timing (3–5 weeks), galls 
are distributed throughout the root systems, and females lay 
their egg masses on the root surface (Nguyen et al. 2014; 
Grossi-de-Sa 2016). M. graminicola is distantly related to 
M. javanica, which is phylogenetically close to M. incognita, 
but has a distinctive host range and distribution (Castagnone-
Sereno et al. 2013). M. javanica is a major agricultural pest 
in many developing countries (Sasser and Krishnappa 1980). 
However, besides their economic importance, there are not 
many studies on these RKN species. Nowadays, only a few 
effector proteins from M. javanica and M. graminicola were 
identified, including some immune-suppressors (Iberkleid 
et al. 2013; Lin et al. 2015; Chen et al. 2017; Zhuo et al. 
2018). Therefore, very little is known about the molecular 
interaction of M. javanica or M. graminicola with their hosts.
Rice is a well-suited model plant for the functional charac-
terization of Meloidogyne candidate effectors in monocots (Fer-
nandez et al. 2015). The M. incognita MSP18 gene (Mi-MSP18) 
is one of the pioneer genes isolated from a M. incognita gland 
cell complementary DNA (cDNA) library (Huang et al. 2003). 
Several genes isolated from this library are involved in the viru-
lence of the nematode (Huang et al. 2006; Xue et al. 2013; 
Niu et al. 2016; Xie et al. 2016). Zhang et al. (2015) showed 
that MSP18 localized in the plant cell cytoplasm when tran-
siently expressed in tobacco leaf cells. In addition, in vitro or 
in planta silencing of MSP18 using RNA interference (RNAi) 
technology reduced M. incognita penetration in tomato roots 
and reproduction in adzuki beans or eggplants (Shivakumara 
et al. 2016, 2017). To address if MSP18 is involved in nematode 
pathogenicity and/or host immunity modulation processes in 
rice, we first verified that this gene is conserved in Meloidogyne 
species attacking rice by cloning M. javanica (Mj-MSP18) and 
M. graminicola (Mg-MSP18) orthologs. Then, we analyzed the 
MSP18 gene expression during rice infection and the effects of 
constitutive Mi-MSP18 expression in rice plants on M. javan-
ica and M. graminicola reproduction. Finally, we conducted P. 
infestans INF1 elicitin-mediated cell-death suppression assays 
in tobacco for Meloidogyne MSP18 proteins and concluded 
that Mi-MSP18 is an RKN effector that is able to modulate 
host immunity.
Materials and methods
Nematode populations and inoculation assays 
on rice plants
Meloidogyne javanica strain 21-3 collected from infected 
rice originating from Garou-Tedji (Malanville, Benin) 
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and the Meloidogyne graminicola population originally 
collected from Laurel (Batangas, Philippines) were both 
cultivated on O. sativa cv. IR64. M. incognita isolate 1 
(race 1, USA) (Li et al. 2007) was propagated in green-
house-grown tomato plants (Solanum lycopersicum L. 
cv. Naine). Pre-parasitic second-stage juveniles (J2) of 
Meloidogyne spp. were obtained as previously described 
(Nguyen et al. 2014; Grossi-de-Sa 2016). The rice cul-
tivar (O. sativa subsp. japonica cv. Nipponbare) used in 
this study is susceptible to M. incognita, M. javanica, 
and M. graminicola. Rice seeds were provided by Dr. E. 
Guiderdoni (CIRAD, France) and came originally from 
the National Institute of Agrobiological Sciences (NIAS, 
Tsukuba, Ibaraki, Japan; Pr Masahiro Yano). For infec-
tion assays, 10-day-old rice seedlings grown in plastic 
tubes containing sand and absorbent polymer (SAP) sub-
strate (Reversat et al. 1999) were inoculated with 100 
J2 (M. graminicola) or 250 J2 (M. javanica) as previ-
ously described (Nguyen et al. 2014). Plants were main-
tained in a growth chamber under controlled conditions at 
26 °C/24 °C day/night temperature, under a 14-h day/10-
h night light regime (60-μmol/m2/s illumination) and 
78% relative humidity (RH). Five days after inoculation 
(DAI), plants were transferred to a 50 ml hydroponic cul-
ture system containing ¼ diluted Hoagland solution and 
maintained in the growth chamber until further analyses. 
For a description of nematode developmental stages, root 
systems were harvested at 21 DAI and incubated with 
acid fuchsin to stain nematodes as described in Byrd et al. 
(1983). Infected roots and stained nematodes were care-
fully examined under a binocular stereomicroscope (Leica 
MZ14), and the number of non-adult nematodes (para-
sitic J2, J3/J4 stages) or adults (males and females) was 
recorded. The number of egg masses laid on roots was 
recorded at 28 DAI after a 20-min staining with phloxine 
B (Daykin and Hussey 1985). For nematode reproduc-
tion assays, the number of hatched J2 was determined at 
35 DAI (M. graminicola) or 42 DAI (M. javanica). Ten 
plants were used for each bioassay, and three independ-
ent biological replicates were performed. For RT-qPCR 
assays, visible galls from 60 transgenic plants were col-
lected at 7 DAI, and from 30 transgenic plants at 14 and 
21 DAI that were further pooled by time-points. Samples 
were immediately frozen in liquid nitrogen and stored at 
− 80 °C. In addition, pre-parasitic J2 and eggs were used 
to evaluate nematode gene expression prior to plant infec-
tion. At least two independent biological replicates were 
performed. Statistically significant differences between 
transgenic lines and wild-type plants were determined by 
unadjusted paired t test (P ≤ 0.05) using statistical soft-
ware package R version 3.1.2 (R Core Team 2013).
MSP18 gene characterization in Meloidogyne 
species
MSP18 gene sequences were amplified from genomic DNA 
or cDNA prepared from M. incognita eggs, M. javanica pre-
parasitic J2, or M. graminicola parasitic stages. Genomic 
DNA was extracted from around 10,000 eggs as described in 
Randig et al. (2002). Total RNA was extracted from around 
10,000 pre-parasitic J2 or from 100 mg of M. graminicola-
infected rice root tips (8 DAI) using the RNeasy Plant mini 
kit (Qiagen), with addition of an on-column DNase I diges-
tion. First-strand cDNAs were synthesized from 1 µg of total 
RNA in 20-µl final volume, using the Omniscript RT kit 
(Qiagen) and oligo-dT(18)-MN primer (Eurogentec) fol-
lowing the manufacturer’s instructions. Specific primers 
(Online Resource S1_Mi/Mj and Mg gene amplification) 
were designed from the MSP18 sequence (AY134437) or 
from the M. graminicola RNA-seq data (Petitot et al. 2016) 
to amplify the corresponding CDS. Amplification reac-
tions were conducted by PCR on 20 ng of either cDNA or 
genomic DNA, using the Phusion™ High-Fidelity DNA 
Polymerase (New England Biolabs). Amplified products 
were purified with the Geneclean Turbo kit (MP Biomedi-
cals), cloned into the pGEM-T Easy vector (Promega) and 
sequenced (Beckman Coulter Genomics). Sequences (CDS) 
were deposited in GenBank under accession numbers 
MK628545 and MK628546 for M. javanica MSP18 and M. 
graminicola MSP18, respectively.
Bioinformatic analyses
To screen for MSP18 homologs in related species, BLASTp 
and tBLASTn searches were performed against the non-
redundant (nr) sequences and Expressed Sequence Tags 
databases of the National Center for Biotechnology Infor-
mation (NCBI), and against nematode genomic and tran-
scriptomic sequences available at Nematode.net (Wylie 
et al. 2004) (Online Resource S2) using the MSP18 protein 
sequence as a query, and an E value threshold of 0.001. The 
derived sequences were downloaded and nucleic acid or pro-
tein sequences were aligned with Multiple Alignment using 
Fast Fourier Transform (MAFFT) (BLOSUN80 matrix, E 
value threshold of 4). Protein sequences were predicted with 
ORF Finder (https ://www.ncbi.nlm.nih.gov/orffi nder/). Sig-
nal peptides (SP) for secretion were predicted using SignalP 
4.0 (Petersen et al. 2011). Transmembrane domain was pre-
dicted using Phobius server (Käll et al. 2004). Molecular 
mass and pI were predicted using ProtParam (Gasteiger 
et al. 2005). Conserved domains within the MSP18 homolog 
sequences were searched using InterProScan and SMART 
softwares (Schultz et al. 1998; Quevillon et al. 2005), while 
common motifs were predicted by motif database algorithms 
(http://molbi ol-tools .ca/Motif s.htm).
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Quantification of MSP18 expression pattern 
in different nematode stages by real‑time 
quantitative reverse transcription PCR (RT‑qPCR)
RNA was extracted from pre-parasitic J2, eggs, or galls 
using the Plant RNeasy mini kit (Qiagen), and first-strand 
cDNAs were synthesized from 1 µg of total RNA as previ-
ously described (see MSP18 gene characterization). Spe-
cific primers were designed from the MSP18 CDS sequence 
(Online Resource S1_qRT-PCR primers) and used in RT-
qPCR assays with the MESA BLUE Master Mix Plus for 
SYBR Assay low ROX (Eurogentec) as previously described 
(Nguyen et al. 2014). For each primer pair, a preliminary 
real-time assay was performed on pre-parasitic J2 M. javan-
ica pure cDNAs samples and on samples mixed with rice 
cDNAs to evaluate cross-amplification. RT-qPCR assays 
with the Mi-actin and Mi-Y45F reference genes were per-
formed on M. javanica samples and showed that the primers 
worked well on M. javanica and could be used to normalize 
mRNA levels in RT-qPCR assays. Furthermore, Mj-MSP18 
gene expression was normalized to the geometrical mean of 
Mi-actin and Mi-Y45F genes (Nguyen et al. 2014). Based 
on the comparative deltaCt method, data are expressed as 
log (base 10) fold changes to the calibrator (egg samples) 
average.
Subcellular localization in onion cells
The Mi-MSP18 coding sequence, without its predicted sig-
nal peptide (Mi-MSP18-SP), was amplified by PCR using 
specific NL primers (Online Resource S1). The NL-PCR 
products were inserted into pEZS-NL (p35S::enhanced 
green fluorescent protein (eGFP) vector) (http://deepg reen.
stanf ord.edu) and cloned into the Escherichia coli TOP10 
strain. Plasmid DNA was obtained using the QIAfilter Plas-
mid Midi Kit (Qiagen), according to the manufacturer’s 
recommendation. DNA coated-gold microparticles were 
transferred to the onion cells using the PDS-1000/He™ Sys-
tem (Bio-Rad). The transformed onion epidermal cells were 
observed using a Zeiss LSM510 META confocal (Zeiss, 
Oberkochen, Germany) 24 h after transformation. Three 
independent bioassays were performed for each construct 
and the vector pEZS-NL was used as control.
Production of transgenic rice plants expressing 
the Mi‑MSP18 gene
The MSP18 coding sequence, without its predicted signal 
peptide, was amplified by PCR using primers introducing 
the recombination sites attB1 and attB2 (Online Resource 
S1). The PCR product was cloned into the pCambia5300-
OE (pC5300-OE) vector using BP clonase (Invitrogen). The 
pC5300-OE vector was previously constructed by inserting 
an attP1-ccdB-attP2 GatewayR cassette into the multiple 
cloning sites of pCambia1300intA.Ubi-tnos (also named 
IRS154) between the maize ubiquitin promoter/first exon/
first intron sequence and the NOS polyadenylation sequence 
(JC Breitler, CIRAD, France, unpublished). The recombi-
nant vector was sequenced and then introduced into the 
Agrobacterium tumefaciens strain EHA105 by electropo-
ration. Genetic transformation of rice (O. sativa cv. Nip-
ponbare) and subsequent genetic analyses of transformants 
were performed as described in Sallaud et al. (2003). The 
regenerated hygromycin-resistant plants were numbered and 
named as MB3-1 to MB3-30. T1 transgenic rice plants were 
analyzed by Southern blot and qPCR to ensure the pres-
ence and the copy number of the transgene. Three distinct 
T1 transgenic rice lines containing one copy (MB3-1 and 
MB3-28) or three copies (MB3-25) of the MSP18 transgene 
and presenting the highest MSP18 expression levels were 
selected and selfed to homozygosity.
Quantification of transgene expression by RT‑qPCR
For each homozygous transgenic rice line expressing the 
MSP18 gene, roots from ten plants were pooled, and RNA 
was extracted using the RNeasy Plant mini kit (Qiagen). 
Quantification of MSP18 gene expression in transgenic 
plants was performed on 50 ng of RNA using the one-step 
MESA GREEN qRT-PCR MasterMix Plus for  SYBR® assay 
(Eurogentec) following the manufacturer’s recommendation 
and the primers designed in the RT-qPCR section. Transgene 
expression was normalized to the rice Elongation factor1-
alpha gene (LOC_Os03g08060.2), shown to be a good refer-
ence gene for rice–Meloidogyne interactions (Nguyen et al. 
2014). For each primer pair and sample, RT-qPCR assays 
were conducted in two independent biological replicates.
Evaluation of transgenic plant developmental 
phenotype
Seeds from the three selected homozygous lines, along with 
the wild-type (WT) Nipponbare, were grown for 15 days 
under the same conditions as described above for infection 
assays. The primary root and shoot lengths of 20 plants per 
line were measured in three independent experiments. Sta-
tistically significant differences between lines were deter-
mined by unadjusted non-parametric paired Wilcoxon test 
(P ≤ 0.05) using statistical software package R version 3.1.2 
(R Core Team 2013). The root dry weight of ten plants per 
line was measured in three independent experiments and 
compared with controls. Statistically significant differences 
between lines were determined by one-way ANOVA and 
Duncan’s multiple-comparison test with significance level 
at P ≤ 0.05 using GraphPad Prism (version 7.0).
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Tobacco cell death assays
The suppression of cell death in N. benthamiana leaves was 
assessed with M. incognita and M. graminicola MSP18 
(without their predicted signal peptide) cloned in fusion 
with 6 × His tag peptide into the vector pCAMBIA1305.1 to 
generate the pCAMBIA:Mi-MSP18-SP:his, pCAMBIA:Mg-
MSP18-SP:his fusion constructs. The P. infestans INF1 elici-
tin construct (Kamoun et al. 1998) was kindly provided by 
Geert Smant and José Lozano-Torres (Wageningen Uni-
versity, NL). As a negative control, the pCAMBIA1305.1 
vector expressing the GUS reporter gene followed by 
INF1 infiltration was used. As controls, the buffer and A. 
tumefaciens carrying the pCAMBIA:Mi-MSP18-SP:his, 
pCAMBIA:Mg-MSP18-SP:his, and pCAMBIA:GUS:his 
were separately infiltrated in parallel. Agroinfiltration assays 
were conducted in tobacco leaves according to the method 
described in Yang et al. (2000). Agrobacteria containing 
the different expression vectors were grown overnight at 
28 °C, harvested (3000g, 10 min, RT), and re-suspended in 
infiltration medium (20 mM Mes, pH 5.6; 10 mM  MgSO4; 
200 μM acetosyringone) at an optical density at 600 nm 
 (OD600) of 1 for 3 h. Agroinfiltrations were performed in 
the abaxial side of the leaves of 6-week-old N. benthami-
ana plants using a 1-ml syringe. Agrobacterial suspensions 
were infiltrated at a final  OD600 of 0.2 for MSP18 and GUS 
constructs alone. For co-infiltrations, MSP18 (or GUS) and 
INF1 were mixed in a 2:1 ratio to a final  OD600 of 0.3. HR 
symptoms were recorded and photographed at 4 days after 
infiltration. The HR-suppression phenotype was scored by 
a necrosis index (Gilroy et al. 2011). The experiment was 
repeated at least three times and each assay consisted of at 
least fifteen plants with three leaves (45 leaves total) inocu-
lated similarly. Statistically significant differences between 
lines were determined by Wilcoxon test (P ≤ 0.05) using 
statistical software package R version 3.1.2 (R Core Team 
2013). To confirm gene expression, RT-PCR was performed 
using specific primers for the genes Mi-MSP18, Mg-MSP18, 
and the control tobacco gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH).
Results
MSP18 is a conserved Meloidogyne gene
The MSP18 mRNA sequence (GenBank accession 
AY134437) was identified from a M. incognita gland 
cell-specific cDNA library (Huang et al. 2003). The 519-
pb open reading frame (ORF) encodes a 172 amino acid 
(aa) protein with a deduced molecular mass of 18.6 kDa, 
and a predicted N-terminal signal peptide (SP, 1–20 aa) 
for secretion. No transmembrane domain was observed 
outside SP, eliminating the possibility of protein retention 
in nematode cell membranes. The MSP18 genomic sequence 
(Minc06492) (Abad et al. 2008) does not contain introns. In 
this study, the Mi-MSP18 gene sequence was cloned from 
M. incognita isolate 1 (race 1, USA) (Li et al. 2007), which 
efficiently infects rice (Nguyen et al. 2014). The cloned 
Mi-MSP18 gene shared 100% identity with the previously 
identified MSP18 sequence (Huang et al. 2003). BLASTp 
searches could not find any similarity of the MSP18 
sequence to known proteins in the nr database, reinforcing 
the original ‘pioneer’ sequence classification by Huang et al. 
(2003). TBLASTn searches identified MSP18 homologs in 
M. floridensis (M_floridensis_nMf.1.0.scaf04684) (Lunt 
et al. 2014) and M. hapla (MhA1_Contig14.frz3.gene16) 
(Opperman et al. 2008) (herein called Mf-MSP18 and Mh-
MSP18, respectively) in Meloidogyne sequence databases 
(Online Resource S2). M. javanica is phylogenetically close 
to M. incognita (Castagnone-Sereno et al. 2013). We suc-
cessfully used primers designed from Mi-MSP18 to clone 
the homolog sequence Mj-MSP18 (accession number 
MK628545) from M. javanica pre-parasitic J2. Based on 
our RNA-seq data (Petitot et al. 2016), we were also able to 
identify and clone the homolog Mg-MSP18 sequence (acces-
sion number MK628546) from the pre-parasitic J2 stage 
of the distantly related species M. graminicola. Multiple 
alignment of the deduced Mi-MSP18 amino acid sequences 
with its homologs showed 98.8%, 98.2%, 49.4% and 38.7% 
sequence identity with the M. floridensis, M. javanica, M. 
hapla, and M. graminicola sequences, respectively (Fig. 1). 
No significant sequence similarity to MSP18 was identified 
in any released genomic and transcriptomic data from other 
nematode genera (Online Resource S2), therefore, classify-
ing MSP18 as a Meloidogyne-specific protein.
No conserved domain of known function was found in 
the MSP18 amino acid sequences. Two conserved motifs, 
an N-myristoylation site, and a tyrosine kinase phosphoryla-
tion site were predicted in Meloidogyne MSP18 sequences 
(Fig. 1). In addition, the alignment of the five sequences 
revealed other highly conserved sequence parts (e.g., resi-
dues 45–51 and 154–158) within some of the MSP18 pro-
teins, but they did not match any known functional motifs. 
These analyses indicated that Mi-MSP18, Mf-MSP18, Mj-
MSP18, Mh-MSP18, and Mg-MSP18 might be orthologues.
MSP18 expression during rice: Meloidogyne 
interaction
Expression of Mg-MSP18 was analyzed from RNA-seq 
data (Petitot et al. 2016) in pre-parasitic J2s and during 
M. graminicola life cycle in rice at 2, 4, 8, 12, and 16 
DAI (Fig. 2a). The number of reads matching Mg-MSP18 
was enhanced in galls from 8 DAI and sustained until 
16 DAI when some egg-laying females can already be 
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observed. To evaluate Mj-MSP18 gene expression during 
M. javanica developmental stages, qRT-PCR assays were 
conducted on RNA extracted from eggs, pre-parasitic J2, 
and rice galls at 7, 14, and 21 DAI. At 21 DAI, some 
females laying eggs can be observed (Online Resource 
S3). However, depending on the number of nematodes 
developing in each gall, other parasitic stages may still 
be present: parasitic J2, J3/J4 and young females (Online 
Resource S3). Mj-MSP18 transcript accumulation was 
enhanced in pre-parasitic J2 and galls at 7, 14, and 21 DAI, 
as compared to eggs (Fig. 2b). In particular, Mj-MSP18 
was strongly (more than a hundred time) up-regulated in 
all in planta parasitic stages of M. javanica tested. These 
data are, thus, consistent with the up-regulation observed 
in M. graminicola from 8 DAI and suggest a potential role 
of MSP18 for nematode parasitism.
Fig. 1  Multiple sequence alignment of MSP18 orthologs from five 
Meloidogyne species. Mi-MSP18: Meloidogyne incognita; Mf-
MSP18: Meloidogyne floridensis; Mj-MSP18: Meloidogyne javan-
ica; Mh-MSP18: Meloidogyne hapla; and Mg-MSP18: Meloido-
gyne graminicola. The green box indicates predicted signal peptides 
(aa 1-20, based on Mi-MSP18 sequence) for all MSP18 sequences, 
except Mg-MSP18 for which no signal peptide was predicted. The 
orange box indicates the predicted N-myristoylation site (aa 105-
111) at glycine residue 105 underlined with an asterisk for all MSP18 
sequences, except for Mg-MSP18. All MSP18 sequences present a 
conserved tyrosine kinase phosphorylation site (aa 137-145) boxed 
in blue, with the tyrosine active site residue 145 underlined with an 
asterisk. Black shading indicates sequences 100% similar, dark gray 
shading indicates sequences 80–100% similar, light gray shading 
indicates sequences 60–80% similar, and white shading indicates 
sequences with less than 60% similarity
Fig. 2  a MSP18 gene expression during nematode development and 
infection of rice (Oryza sativa cv Nipponbare) roots. Meloidogyne 
graminicola Mg-MSP18 gene expression. Data presented are RPKM 
(reads per kilobase per million mapped reads) values obtained 
from the RNA-Seq transcriptomic analysis conducted by Peti-
tot et  al. (2016). Two independent biological assays were analyzed 
(repA = replicate A, repB = replicate B). b Meloidogyne javanica 
Mj-MSP18 gene expression was measured by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) assays in M. 
javanica eggs, pre-parasitic J2, and in galls at 7, 14, and 21 DAI. The 
Mj-MSP18 data were normalized to the geometric mean of Mi-actin 
and Mi-Y45F reference genes data and Mj-MSP18 expression in pre-
parasitic J2 and in galls was further calculated relative to the eggs 
sample. Data presented are means of two technical replicates. Similar 
results were obtained with at least two independent biological repli-
cates, with galls pooled from 20 plants per time-point
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Constitutive expression of Mi‑MSP18 in rice 
increases susceptibility to RKN
To examine whether the expression of Mi-MSP18 affects the 
susceptibility of the host plant to Meloidogyne spp., we pro-
duced transgenic rice lines constitutively expressing the Mi-
MSP18 gene. Subcellular localization of Mi-MSP18-SP::eGFP 
in onion epidermal cells was performed to validate the MSP18 
construct expression inside plant cells. The Mi-MSP18-
SP::eGFP fluorescence localized in the plant cell nucleus 
and cytoplasm (Online Resource S4). The fluorescent signal 
detected in the nuclei in our experiments is probably due to 
passive diffusion of the Mi-MSP18-SP::eGFP fusion protein 
(predicted molecular weight ~ 50 kDa) as for the p35S::eGFP 
control. Exclusion of the signal peptide should target the Mi-
MSP18-SP peptide to the cytoplasm of transformed plant cells, 
which would be consistent with the cytoplasmic localization 
observed for this protein in onion cells (Online Resource S4).
Three independent homozygous T4 transgenic rice lines 
containing one copy (MB3-1 and MB3-28) or three copies 
(MB3-25) of the Mi-MSP18 transgene were obtained. Mi-
MSP18 transcript expression was verified by RT-qPCR in 
all three lines selected (Online Resource S5). Significant 
differences (P ≤ 0.05) in root length between rice lines over-
expressing Mi-MSP18 (ROE::MSP18) and wild-type (WT) 
plants were observed at 15 days after germination (Fig. 3a and 
Online Resource S6). The ROE::MSP18 lines produced pri-
mary roots with an increased average length of approximately 
28% (mean 87.6 ± 2 mm for the three ROE::MSP18 transgenic 
lines and 68 ± 2 mm in WT). No difference was observed in 
the number of root tips between the ROE::MSP18 lines and 
the WT plants (Online Resource S6). As the ROE::MSP18 
roots were longer than WT roots, the root dry weights were 
compared to verify whether the increase of nematode infection 
could be related to an increase of root mass. No statistically 
difference was observed in the dry weight of roots between 
ROE::MSP18 and WT plants (Online Resource S6).
A significant difference in shoot length was observed for 
the MB3.1 line, only (Fig. 3b). The MB3-1 line displayed 
the highest root length increase (47%) and a 17% increase in 
shoot length as compared to WT (mean length 185 ± 6 mm 
for MB3-1 and 158 ± 7 mm for WT). Pathogenicity assays 
were performed with M. javanica and M. graminicola on 
the three Mi-MSP18-overexpressing rice lines alongside 
untransformed plants (WT) as control. M. graminicola life 
cycle in rice is shorter than the M. javanica cycle, and M. 
graminicola females lay eggs inside the root cortex impair-
ing egg masses counting. Thus, the number of egg masses 
per root system produced by M. javanica was determined at 
28 DAI, and the new J2 generation was assessed at 35 DAI 
for M. graminicola and at 42 DAI for M. javanica. The num-
ber of egg masses produced by M. javanica displayed a sta-
tistically significant (P ≤ 0.05) increase of 50% and 100% in 
the MB3-25 and MB3-28 lines, respectively, when compared 
with WT (Fig. 4a). In addition, the number of new J2 pro-
duced increased (P ≤ 0.05) up to 38%, 74%, and 116% in the 
MB3-1, MB3-25, and MB3-28 lines, respectively, as com-
pared with WT (Fig. 4b). When challenged with M. gramini-
cola, a significant (P ≤ 0.05) increase up to 34% in the num-
ber of J2 was observed in the MB3-25 and MB3-28 lines 
compared to WT but not in the MB3-1 rice line (Fig. 5). 
These data indicate that expression of the Mi-MSP18 protein 
in rice enhanced the plant susceptibility or the nematode 
virulence, by allowing a higher parasite infestation in the 
transgenic plants. The Mi-MSP18-overexpressing rice lines 
exhibited similar susceptibility patterns for M. graminicola 
and M. javanica, suggesting that Mi-MSP18 could have a 
conserved function in different Meloidogyne spp.
Fig. 3  Constitutive expression of Mi-MSP18 in independent trans-
genic rice lines (MB3-) alters plant morphology. a Homozygous lines 
constitutively expressing Mi-MSP18 had increased root growth and 
b shoot growth. Values are presented as mean ± SE (n = 20). Mean 
values significantly different from WT are denoted by an asterisk 
as determined by unadjusted non-parametric paired Wilcoxon test 
(*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001)
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Mi‑MSP18 interferes with immune‑associated 
programmed cell death
To assess if the Mi-MSP18 protein could suppress plant 
defense responses, we investigated the capacity of Mi-
MSP18 to suppress PCD triggered by the P. infestans INF1 
elicitin (Kamoun et al. 1998). We also explored whether 
this function could be conserved in MSP18 homologs. 
Because Mi- and Mj-MSP18 proteins display 98.2% of 
sequence identity, and two of the three amino acid align-
ment mismatches correspond to conservative or semi-con-
servative mutations, we assumed that Mi and Mj-MSP18 
proteins could have the same structure and function. In 
contrast, Mi- and Mg-MSP18 only display 38.7% of amino 
acid identity. Therefore, we assessed the ability of Mi-
MSP18-SP and Mg-MSP18-SP to suppress immune-related 
host cell death.
Tobacco leaves were infiltrated with A. tumefaciens 
strains carrying constructs for allowing transient co-
expression of Mi-MSP18-SP or Mg-MSP18-SP with the 
INF1 elicitin. The expression of Mi-MSP18-SP and Mg-
MSP18-SP in infiltrated tissues was confirmed by RT-
PCR (Fig. 6c and Online Resource S7). Co-expression of 
beta-glucuronidase (GUS) with INF1 was used as nega-
tive control. At 4 days after infiltration, 80% of the sites 
co-infiltrated with GUS and INF1 displayed HR (127/162 
infiltrated sites). Infiltrations with buffer, Mi-MSP18-SP, 
Mg-MSP18-SP, or GUS alone did not induce any visible 
necrosis (Fig. 6a and Online Resource S7). Mi-MSP18-SP 
could suppress PCD mediated by INF1, with PCD lesions 
in only 50% of the co-infiltrated sites (81/162 infiltrated 
sites) (Fig. 6a, b). In contrast, none of the Mg-MSP18-SP/
INF1 co-infiltration sites (total of 104 infiltrated sites) 
exhibited cell death suppression (Online Resource S7). 
These results suggest that the Mi-MSP18-SP effector can 
interfere with the HR-signaling pathways induced by the 
P. infestans INF1 protein in tobacco and possibly in other 
dicotyledonous plant species.
Discussion
MSP18 was described as a pioneer gene expressed in the 
dorsal esophageal gland cell of M. incognita with a putative 
role in nematode parasitism (Huang et al. 2003). Here, we 
provide experimental data in rice which demonstrate that 
Mi-MSP18 plays an important role in plant infection, likely 
by modulating some cellular pathway associated with host 
immunity. Notably, we assessed the role of the Mi-MSP18 
Fig. 4  Expression of Mi-MSP18 in independent transgenic rice lines 
(MB3-) increased plant susceptibility to Meloidogyne javanica. a 
Number of egg masses at 28 DAI. Values are presented as mean ± SE 
(n = 12). Two independent experimental replicates were performed. b 
Number of J2 hatched at 42 DAI. Values are presented as mean ± SE 
(n = 15) of three independent experimental replicates. An asterisk 
denotes the mean values significantly different from WT as deter-
mined unadjusted paired t tests (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001)
Fig. 5  Expression of Mi-MSP18 in independent transgenic rice lines 
(MB3-) increased plant susceptibility to Meloidogyne graminicola. 
Data presented are the number of J2 hatched at 35 DAI. Values are 
presented as mean ± SE (n = 24) of three independent experimen-
tal replicates. An asterisk denotes the mean values significantly dif-
ferent from WT as determined unadjusted paired t tests (*P ≤ 0.05; 
**P ≤ 0.01; ***P ≤ 0.001)
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gene in rice interactions with M. javanica and M. gramini-
cola. This study is the first to examine the function of a 
RKN effector in several pathogenic Meloidogyne species 
on a same host.
MSP18 is conserved across Meloidogyne species
We report that MSP18 is conserved in several RKN spe-
cies, including in distant evolutionary species such as M. 
graminicola, thus, stressing that MSP18 is a Meloidogyne 
spp. pioneer gene. Variation in MSP18 amino acid sequence 
identity between the five RKN species examined (Fig. 1) 
is consistent with the genetic relationships proposed for 
Meloidogyne species based on their molecular phylogeny 
and reproduction mode (Castagnone-Sereno et al. 2013).
The presence of MSP18 homologs in different RKN 
species is interesting from an adaptive point of view. The 
frequency, differences, and similarities of effector protein 
Fig. 6  Meloidogyne incognita MSP18 protein suppresses defense-
related programmed cell death (PCD). a Agroinfiltration assays in 
Nicotiana benthamiana showing the result of the transient co-expres-
sion in the tobacco leaves of the cell death inducer INF1 from Phy-
tophthora infestans and the M. incognita MSP18 protein without the 
signal peptide (Mi-MSP18-SP). N. benthamiana leaves were infiltrated 
with buffer or A. tumefaciens carrying binary vectors expressing 
either Mi-MSP18-SP or the beta-glucuronidase (GUS) gene (nega-
tive control), either alone or challenged with A. tumefaciens express-
ing INF1 gene. The INF1-induced HR was observed in infiltration 
sites expressing GUS + INF1, but was suppressed in the Mi-MSP18-
SP + INF1 sites. Infiltrated zones of A. tumefaciens carrying Mi-
MSP18-SP or GUS alone did not present necrosis symptoms. Photo-
graphs were taken 4-day post-infiltration and leaves were destained 
with methanol and photographed 3  days after. b Graphs showing 
the percentage of infiltration sites for GUS + INF1 and Mi-MSP18-
SP + INF1 developing a clear HR mediated by INF1. Experiments 
were repeated at least three times, each with no less than 15 plants, 
and each bar represents the mean ± SE of three biological replicates. 
c Asterisks indicate the mean values statistically significant between 
Mi-MSP18-SP + INF1 and GUS + INF1 determined by the Wilcoxon 
test (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). RT-PCR analysis con-
firmed the expression of Mi-MSP18-SP in agroinfiltrated tobacco 
leaves
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orthologs between plant-parasitic nematode species could 
have a direct role in determining host range and involve-
ment in core interaction processes with the plant (Hewezi 
and Baum 2010; Danchin et al. 2013). The MSP18 proteins 
within the different Meloidogyne spp. contain some regions 
that are highly conserved, but also have significant stretches 
of sequence divergence, especially concerning the Mh-
MSP18 and Mg-MSP18 sequences. M. floridensis and M. 
hapla have never been reported on rice, and M. hapla infes-
tation records on monocotyledonous hosts are rare (Karssen 
et al. 2013). Conversely, M. incognita, M. javanica, and M. 
graminicola are prevalent in rice ecosystems (Kyndt et al. 
2014; Mattos et al. 2019). In addition, RKN display a variety 
of reproductive modes ranging from meiotic sexual repro-
duction, either amphimictic or parthenogenetic, (M. floriden-
sis, M. hapla, and M. graminicola), to obligate mitotic asex-
ual reproduction (M. incognita and M. javanica). Although 
the basis for host range determination among RKN is 
unknown, Meloidogyne spp. that reproduce without meiosis 
and sex have a broader host range and are more devastating 
than their sexual relatives (Castagnone-Sereno and Danchin 
2014). Following these concepts, MSP18 could be an essen-
tial parasitism gene across Meloidogyne spp. and conserved 
features within MSP18 homologs sequences may be critical 
for RKN virulence or to determine host specificity.
Prediction of an N-myristoylation site and a tyrosine 
kinase phosphorylation site in the Meloidogyne MSP18 
sequences (Fig. 1) indicates that MSP18 proteins could 
undergo post-translational modifications to exert their func-
tion. Plant pathogen effectors are able to exploit the host 
post-translational machinery to regulate their activity, sta-
bility, and subcellular localization. For example, in rice–M. 
graminicola interaction, the MgGPP effector is secreted into 
the host cell, targeted to the endoplasmic reticulum where 
it is processed by the plant machinery for N-glycosylation 
and proteolysis, after which it is transported to the nucleus 
where its immune-modulatory action probably occurs (Chen 
et al. 2017). In the cyst nematode Heterodera schachtii, the 
effector 10A07 is phosphorylated by a protein kinase inside 
the host cell. This post-translational modification mediates 
10A07 trafficking from the cytoplasm to the nucleus, where 
this effector interacts with the IAA16 transcription factor to 
possibly interfere with auxin signaling (Hewezi et al. 2015). 
Host-mediated post-translational modifications are also 
observed in other plant pathogens. For instance, the Pseu-
domonas syringae AvrPto, AvrRpm1, and AvrB effectors 
are myristoylated to access and associate with the plasma 
membrane to perform their avirulence function inside Arabi-
dopsis cells (Nimchuk et al. 2000). More information about 
the functionality of the predicted N-myristoylation and 
tyrosine kinase phosphorylation sites in the Meloidogyne 
MSP18 sequences would be needed to assess if MSP18 
may use the host post-translational modification machinery. 
According to Zhang et al. (2015), Mi-MSP18-SP fused to 
the β-glucuronidase-enhanced green fluorescent protein 
(GUS-eGFP) may be addressed to the host cell cytoplasm 
as suggested by subcellular localization assays conducted in 
tobacco leaf epidermal cells. From the results presented in 
onion (Online Resource S4) and tobacco cells (Zhang et al. 
2015), we could infer that Mi-MSP18 may be addressed to 
the host cell cytoplasm, and such localization could enable 
MSP18 to be involved in the early signaling events that 
occur at the cytoplasmic side of the plasma membrane and/
or inside cytoplasm. However, in planta, immunolocaliza-
tion would be essential to confirm the secretion and locali-
zation of MSP18 during nematode infection. Nevertheless, 
MSP18 conservation in many Meloidogyne spp. indicates 
that MSP18 could also be a structural protein required for 
a specific nematode physiological process. An example of 
nematode protein with dual role is the fatty acid and reti-
nol-binding protein FAR-1, which is required for nematode 
nutrition during development and infection to the host, and 
also inhibits plant defenses (Cheng et al. 2013; Iberkleid 
et al. 2013). More research is needed to understand and con-
firm the post-translational modifications undergone by the 
MSP18 protein.
MSP18 gene role in plant infection
High expression of Mg- and Mj-MSP18 during nematode 
feeding stages in rice roots (Fig. 2) is consistent with the pre-
vious results on MSP18 transcript accumulation in the dorsal 
gland of M. incognita infecting tomato roots (Huang et al. 
2003). The activity and content of esophageal gland cells are 
associated with the nematode developmental phases. The sub-
ventral glands are more active in the early stages of parasit-
ism, but the dorsal gland becomes predominantly active in the 
feeding stages (Hewezi et al. 2008). Therefore, the expression 
patterns observed in Meloidogyne species may indicate a role 
for MSP18 in the establishment and maintenance of parasit-
ism along the nematode development in plant root tissues. M. 
javanica and M. graminicola reproduction increased when 
overexpressing the Mi-MSP18 gene in rice plants (Figs. 4, 5). 
In addition to affecting plant susceptibility to RKN nematode 
infection, we have also observed that constitutive expression 
of Mi-MSP18 in rice increased root and shoot length of young 
plantlets as compared with WT plants (Fig. 3). These pheno-
typic modifications suggest that Mi-MSP18 has a biological 
function in the host plant. Similar results have been reported 
for some RKN effectors involved in root cell proliferation, 
giant cell (GC) formation, or suppression of host defenses 
(Huang et al. 2006; Xue et al. 2013; Niu et al. 2016). However, 
the physiological basis of the altered root and shoot growth 
during RKN effector expression remains largely unknown. 
Concomitant alterations of nematode susceptibility and root 
phenotype suggest that root length or mass could influence 
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nematode infection rate. However, several studies showed 
that cyst nematodes or RKN infection levels are independ-
ent of host root size or mass as they generally enter root tips 
(Wubben et al. 2001; Hewezi et al. 2008, 2012). Therefore, 
as we observed no difference in root tip numbers nor in the 
dry weight of the roots between MSP18-transgenics and WT 
plants (Online Resource S6), the enhanced nematode suscep-
tibility observed in Mi-MSP18-expressing lines is more prob-
ably caused by a virulence function carried out by the effector 
rather than by plant morphology alteration.
Mi‑MSP18 interferes with plant immunity processes
HR is a form of programmed cell death triggered by the host 
plant at the site of pathogen invasion. Induction of HR-like 
cell death in response to nematode infection is frequent in 
RKN-resistant plants (Goverse and Smant 2014). For bio-
trophic pathogens, the suppression of host defense responses 
represents an essential virulence mechanism. Thus, the abil-
ity to suppress PCD is a useful method to detect pathogen 
effectors capable of virulence function. We showed here that 
Mi-MSP18 was able to suppress PCD triggered by INF1 in 
tobacco leaves (Fig. 6a, b). Therefore, the enhanced suscep-
tibility of rice transgenic plants expressing Mi-MSP18 could 
be caused by Mi-MSP18 interference with the plant immune 
pathways. Others RKN effectors have been found to interfere 
with PCD induced by INF1 (Xie et al. 2016) or the pro-
apoptotic protein BAX (Niu et al. 2016; Zhuo et al. 2016). 
The INF1 elicitin is a 10-kDa secreted protein belonging to 
a diverse family of oomycete structural proteins that func-
tion as sterol carriers (Derevnina et al. 2016). In several 
Solanaceae species, elicitins may trigger PCD, and it is now 
established that they display characteristic PAMP attributes 
and activate plant defenses (Derevnina et al. 2016). Elicitin 
perception induces activation of an immune signaling path-
way characterized by two successive reactive oxygen species 
(ROS) productions. Some oomycete effectors that suppress 
elicitin-triggered PCD have been characterized; however, 
besides the P. infestans RXLR effector  AVR3aKI that acts 
by modulating the host ubiquitin proteasome (Gilroy et al. 
2011), the precise mechanisms of suppression are largely 
unknown. How Mi-MSP18 operates in the tobacco cell to 
interfere with INF1 action remains to be answered. It could 
be interesting to verify whether Mi-MSP18 would interfere 
with ROS production, similar to the Mj-TTL5 effector (Lin 
et al. 2015). In the agroinfiltration assays, we observed that 
Mi-MSP18, but not Mg-MSP18 was able to suppress host 
cell death induced by INF1 in tobacco. This raises the ques-
tion whether Mg-MSP18 is a suppressor of cell death and 
the true ortholog of Mi-MSP18. One hypothesis could be 
that the M. graminicola effector is still a suppressor of cell 
death, but that it is adapted to function in a monocot. Testing 
this hypothesis would require expression using a rice proto-
plast system (Kanzaki et al. 2014) by instance.
This study revealed that MSP18 effector is conserved in 
the main agriculturally important Meloidogyne species, and 
functions during the nematode parasitic stages. Although 
the mechanism of host defense suppression by Mi-MSP18 
remains unclear, our data suggested that it suppresses PCD 
mediated by immune defenses to achieve successful parasit-
ism into the host plant.
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